We explore an alternative process for the diffractive Higgs boson production in peripheral pp collisions arising from Double Pomeron Exchange in photon-proton interaction. We introduce the impact factor formalism in order to enable the gluon ladder exchange in the photon-proton subprocess, and to permit the central Higgs production. The event rate for the diffractive Higgs production in central rapidity is estimated to be about 0.6 pb at Tevatron and LHC energies. This result is higher than predictions from other approaches for diffractive Higgs production, showing that the alternative production process leads to an enhanced signal for the detection of the Higgs boson at hadron colliders. Our results are compared to those obtained from a similar approach proposed by the Durham group. In this way we may examine the future developments in its application to pp and AA collisions.
for the process. In Ref. [9] it is shown that the sum of the four possible diagrams results in the discontinuity of the diagram shown in Fig. 1 . The two-upper blobs represent the effective vertices of the photon-gluon coupling which can be obtained through the impact factor formalism. The same formalism is used to explore the process with a non-zero momentum transfer with two gluons exchanged in the t-channel [10] . The other blob represents the gluon distribution function in the proton.
The process that we study in this paper is based on the partonic subprocess γ * q → γ * + H + q shown in Fig. 2 . The central line cuts the diagram and expresses the use of the Cutkosky rules in order to obtain the imaginary part of the scattering amplitude, which is given by
with A L and A R being the amplitudes on the left-and right-hand side of the cut, respectively, and d(P S) 3 is the volume element of the three-body phase space. The scattering amplitude of the process is treated essentially as an imaginary quantity in view of the vacuum quantum numbers of the exchanged particle [11] . Moreover, the fermion loop is divided in two distinct parts, each other representing the splitting of the photon. In the Dipole Model [12] the splitting of the photon into a quark-antiquark pair requires an wave function, where its product with the complex conjugate represents the fermion loop. In the photoproduction approach, the impact factor formalism is used to describe the color dipole. The quarks circulating into the dipole have momenta l µ and q µ − l µ . The photon impact factor is calculated in the t = 0 limit, and the coupling of the gluons (k µ , r µ ) to the proton is treated in the eikonal approximation.
The representation of the partonic subprocess by the diagram in Fig. 2 shows a single process of γ * q interaction. The other diagrams can be obtained exchanging the coupling of the gluon lines to each fermion of the loop, and so the effective vertices are calculated with the help of the Feynman rules
and
where the indices obey the assignment as follows: (µ, ν, σ, ...) for the four-vectors, (a, b) are the color indices, (i, j, k, ...) are the matrix-elements of the four-vectors, and (A, B, C, ...) for the elements of the color matrices. Attaching each side of the diagram, there will be two distinct contributions to the fermion loop, which can be computed whether one couples the diagrams in the Fig. 3 at each side of the central line. The product of the diagrams in the left-hand side with the right-ones results in a possible diagram for the fermion loop, being the latter the complex conjugate of the former. This physical process is similar to that obtained in the Dipole Model: the wave function describes the photon splitting and its subsequent sprouting. Preventing an unnecessary calculation, one needs only to take into account two of the diagrams, since the other ones lead to the same contributions.
⇒ + Computing the imaginary part of the amplitude defined in Eq.(1), the product of the amplitudes in the left-and right-hand side is given by
where ǫ µ and ǫ * ν are the polarization vectors of the initial and final photons, respectively, the vector l µ is the fourmomentum of the quark circulating into the fermion loop, and p µ is the four-momentum of the colliding proton. Mathematically, the traces represent the fermion loop, which can be calculated with a numerical algorithm [13] . The Gell-Mann t-matrices will appear as a trace of the color matrices when the product of A L A R with its complex conjugate is performed. The quantity V ba δσ represents the ggH vertex, which is known as [14] 
The approximation for F (x) is valid for the production of a non-heavy Higgs boson (M H 200 GeV). However, the value of the traces involving a product of Dirac γ-matrices is obtained adopting a particular parametrization to the four-momenta presented in this process. In this way, the Sudakov parametrization is adopted, where the four-momenta are decomposed under three base-vectors: two light-type vectors p µ and q ′µ , where q ′µ = q µ + xp µ , and a third vector lying in the plane perpendicular to the incident axis. The main kinematical variables are
where s is the squared center-of-mass energy of the photon-quark system,x is the Bjorken variable and Q 2 = −q 2 is the photon virtuality. Thus, the decomposed four-momenta can be written as
This set of decomposed four-vectors enables one to rewrite the denominators under the traces in Eq.(3) as
The final step is to write out the volume element of the three-body phase space under the Sudakov parametrization in order to obtain the imaginary part of the scattering amplitude. The definition of the volume element reads
which expressed under the Sudakov parametrization reads
Considering the Cutkosky rules to calculate the scattering amplitude, the quarks are on-mass shell due to the delta functions in Eq. (8) , which allows one to perform the following approximation to the gluon momentum
Physically, this approximantion is an important feature, since it accesses the kinematical region of the H → bb decay mode and experimentally expresses that the quarks are scattered in small angles [15] . The integration of the delta functions results in the following imaginary part of the amplitude
with the quantities T µλσν and T λµσν being the traces present in Eq. (3), and the decomposed vectors acquire its coefficients from the integration of the delta functions
For completeness, one can write the momentum transfer of the process aŝ
In this proposal of Higgs boson photoproduction, the last variables to be determined are the polarization vectors of the initial and final photons. As said in the Sec. I, we apply the impact factor of the photon for t = 0. Thus, the polarization vectors do not depend on the t-variable, being its sum over transversal 1 and longitudinal components expressed by [5] 
These relations complete the set of information necessary to fully compute the imaginary part of the scattering amplitude for transversal and longitudinal modes. Nevertheless, in this kinematical regime, α is approximately equal to 1, and α k can be neglected as well as the product (k · p) present in the Eq.(11) [8] .
Hence, the two modes of the imaginary part of the scattering amplitude are given by
where Γ i and Γ µν i are trace functions of the form
Computing these traces, the transversal mode of the scattering amplitude results
with D 1 and D 2 defined in Eq. (7), and the terms ξ 1 and ξ 2 read
To perform the integration over the transversal vector l, the Feynman parameter is introduced
and one obtains the following results
and also the second integration can be performed
After performing these integrations, one gets the scattering amplitude in transversal mode
being v = 246 GeV the vacuum expectation value (v.e.v.) from the Higgs mechanism. Following the same procedure, the longitudinal mode of the amplitude reads
Nonetheless, a longitudinal mode for a real photon is an unphysical property and then only the transversal one is taken into account. Integrating the Eq. (22) over α ℓ and τ , one finds
. (24) Finally, only the transversal mode is retained to compute the event rate, which is expressed as a central-rapidity distribution of the Higgs boson (y H = 0) through the relation
where the function X (k 2 , Q 2 ) is the function inner the parenthesis in Eq. (24) . The main feature obtained in this result is the sixth-order k-dependence, since it is distinct of the result of the Durham group, which presents a fourth-order dependence. Such difference happens due to the presence of the photon in the process, turning the result more simplified, although introducing a more complicated expression with a Q 2 -dependence.
III. PHOTON-PROTON COLLISIONS
The main interest of this work is the Higgs boson production in a subprocess of Peripheral Collision [3, 4] , where a photon from one of the protons (ions) under collision can interact with the second one, which is shown in Fig. 4 . In this case, strong interactions do not occur due to the large distance between the partonic content of the hadrons, i.e., only the electromagnetic interaction can occur, being the basic assumption to consider the impact parameter to be | b| > R 1 + R 2 2R. Often, these particles are called quasi-real or equivalent photons, and have an energy spectrum hardly dependent on collision energy [2] . Other important aspect is the dependence of the Coulomb field on the number of charged particles into the hadron, and considering nucleus-nucleus collisions, the equivalent photon number depends on
yielding an important contribution in photon interactions. For the Higgs photoproduction, the virtuality of the photon exchanged in the peripheral proton-proton collision needs to be estimated. The source of photons in this kind of process is the Coulomb field around the protons under collision, and the photon spectrum is calculated by the Equivalent Photon Method (EPA), obtaining the Weizsäcker-Williams distribution [2, 3] . The photons are soft particles that have low virtuality with an upper limit determined by the hadron radius
which is Q described by the BFKL equation [16] . Moreover, the diffractive Higgs production is assumed to be an elastic process, where the momenta of the gluons are much smaller than the other kinematical variables under consideration. For a realistic description of the process, the partonic distribution is assumed to be a non-diagonal distribution, to express a more general situation, such that the proton loses a small fraction of its momentum during the collision. The matrix considered for the parton distribution in the proton is not diagonal, which means that the proton vertex has non-zero momentum transfer [17] . Thus, the following replacement is performed to describe the γp interaction
where f g (x, k 2 ) is the non-diagonal gluon distribution function in the proton evolved by the BFKL equation. The non-diagonality of the distribution can be approximated by a multiplicative factor K, which possesses a Gaussian shape [20] 
with B being the impact parameter, assumed to be B = 5.5 GeV −2 [18] . This factor can be seen as the representation of the proton-Pomeron coupling. However, in order to assume the gluon ladder coupled to the proton, the consideration of zero momentum transfer in the proton vertex is not a sufficient condition. A small value for the momentum fraction is required in this region of interest, like x = M H / √ s ∼ 0.01, such that one can safely put t p = 0, and identify the distribution as the unintegrated gluon distribution function f g (x, k 2 ) evolved by the BFKL evolution equation [1] . Finally, the event rate has the form dσ dy H dp 2 dt t,yH =0 = (1.2)
For momentum conservation, there is a relation between the transversal components of the Higgs and the proton momenta, being dp 2 H −→ − dp 2 .
In Eq. (30), one can perform the last integration over the transversal component of the proton momentum, resulting in the final expression for the diffractive production in γp interaction
An important feature considered by the Durham group is the suppression of the gluon emissions from the production vertex, i.e., gluons bremsstrahlung [19] . The suppression probability S for the emission of one gluon can be computed with the help of Sudakov form factors, such that
where E and p T are the energy and the transversal momentum of an emitted gluon in the rest-frame of the Higgs boson, respectively. The above result is obtained using a fixed strong coupling constant in the integration. The suppression of many emissions exponentiates, and an exponential term is introduced to the event rate
where a cutoff was included in the integration on the gluon momentum to avoid infrared divergences [15] . A last important aspect regarded to the diffractive process is the rapidity gaps present in the final state due to the vacuum quantum numbers of the exchanged particle: the Pomeron. It means that the final state has a particular rapidity distribution, where the rapidity range between the colliding particles is free of secondary particles, i.e., there is no production of particles in this region, only the Higgs. However, the rapidity gaps predicted theoretically are bigger than those observed in the experimental results. This contradiction occurs due to the still poor theoretical description of the interactions occuring by the presence of secondary particles. The mechanism that provides the correct prediction of the rapidity gaps is the Rapidity Gap Survival Probability (GSP), which accounts for the probability that, during a process, the rapidity gap will survive to interactions with the spectator particles. In other words, the GSP is the probability that will have an event where does not occur other interactions except the hard collision. Thus, a multiplicative factor S 2 gap is included in Eq.(34), which will account for the reduction of the predicted cross section, reaching the correct value expected to be measured in the laboratory.
The survival probability was originally formulated by Bjorken [21] as
where Γ H (b) is the profile function and P (s, b) is the probability that inelastic interactions occur during the process. For this proposal, the assumptions of our paper are based in the previous works that calculate the GSP for Higgs production [22, 23, 24, 25] . As a kinematical consequence, it has a dependence on the center-of-mass energy of the process, such that it decreases as the energy increases. Consequently, the Durham group estimates the survival probability for diffractive Higgs production considering a similar approach than that of Bjorken. Their approach consists in computing the GSP through
where M(s, b) is the scattering amplitude of the process in the impact-parameter space at the squared center-ofmass energy s. The function Ω(b) is the opacity (or optical density) of the interaction between the hadrons under collision. A relevant feature of this approach is that the GSP depends on the particular hard subprocess under study, and its kinematical configurations [23] . Furthermore, there is a dependence of the GSP on the parton distribution in the protons, which is described in the impact-parameter space, and can be parametrized by several proposals [26, 27, 28, 29] . As a result of this approach, the Durham group estimates the survival probability for the diffractive Higgs production to be 3% in LHC ( √ s = 14 TeV) and 5% in Tevatron ( √ s = 1.96 TeV).
IV. NUMERICAL RESULTS
The results for the Higgs photoproduction are obtained with the help of a set of parametrizations of the gluon distribution function in the proton [30] .
The first step is to compare the results obtained for the photoproduction approach with those for the Higgs production in direct pp collisions carried out in Ref. [15] . Hence, the prediction for the differential cross section in central-rapidity for LHC is calculated using the parametrization MRST2001 in Leading Order (LO) approximation for the gluon distribution function, taking the initial momentum at k 2 0 = 1.0 GeV 2 . The results are expressed in Fig. 5 , where the event rate is fitted in function of the Higgs boson mass. The smallest figure represents the result in the mass range where the approximation to F (x), present in the gg → H production vertex, is valid. As the mass increases, the curve seems to diverge, however extending the mass range to largest values of the Higgs mass, one sees that this growth is reduced, which is caused by the presence of the Sudakov form factors. A distinct behavior between the photoproduction results and those of direct pp collision is present in virtue of the different approaches implemented in both cases. In the direct pp collision approach, there are two distribution functions expressing the content of the two interacting protons, while the photoproduction possesses only one distribution function. Thus, the behavior of the photoproduction results is expected not to fit like the results of direct pp collisions. Analysing the dependence on the photon virtuality, one sees a fast decreasing of the event rate in the range below Q 2 ≈ 0.2 GeV 2 . In the extended range of photon virtuality, the behavior of the event rate is fitted up to Q 2 = 1.0 GeV 2 , showing a fast decreasing to zero and a subsequent growth with distinct rates in each parametrization. This behavior on Q 2 occurs due to the special form of the function X (k 2 , Q 2 ), which diverges for Q 2 = 0. Extending this numerical analysis, the event rate is predicted adopting some distribution functions for the gluon content in the proton. As explained in the Sec. III, the non-diagonality of the distributions was approximated by a multiplicative factor which permits one to employ the usual diagonal distributions. Consequently, the event rate is computed using one LO distribution and two distinct Next-to-Leading Order (NLO) distributions: MRST2004 and CTEQ6. This second possibility expresses our intention to analyse the impact of the gluon recombination effects in Higgs production at LHC. All these distributions were evolved from an initial momentum k 2 0 = 1.0 GeV 2 , assumed as a mean-value between the initial scales for each parametrization. The results are shown in Fig. 6 for two different mass ranges, and taking predictions for Tevatron and LHC energies. In the result for LHC, the event rate has a different shape in comparison to the results for Tevatron in virtue of the energy scale. The momentum fraction in Tevatron does not reach the necessary value x = 0.01 to permit one to consider the coupling of a gluon ladder to the proton. At most, the momentum fraction in Tevatron achieves x ≈ 0.05, when considering the lower bound of the Higgs mass (114.4 GeV [31] ), which is not enough to employ the unintegrated gluon distribution. This is an important result and reveals the limitations of this approach. Otherwise, this kind of discrepancy is not observed in LHC, since the necessary value of momentum fraction can be easily achieved. Another important feature observed in LHC is the difference between the LO and NLO distributions. In this energy scale, the contributions from the recombination effects take place and reveal its importance to correctly predict the cross sections. Having a smaller energy compared to LHC, the Tevatron do not show the same evidence. Further information about the Higgs production and better knowledge on the recombination effects in QCD should be obtained in the future data from LHC. As made before in the LHC predictions, the mass range is extended in order to observe the role of the Sudakov form factors, showing the same behavior for all parametrizations.
An analysis must be done to verify the sensitivity of the results to the cut in the momentum integration, for that the event rate is calculated for some values of the cut, as shown in Fig. 7 . There is a significative difference between the results of Tevatron and LHC, where the contributions to the event rate have very distinct behaviors as the cut value varies. This comparison shows that there is a smaller contribution to the event rate in LHC for higher cut values, being almost two times smaller if one takes k of taking a higher value to the momentum fraction (x ∼ 0.05). Therefore, analysing the results for these two energy scales, the sensitivity is as was expected, showing a small variation for different cut values, e.g., for a Higgs mass of 140 GeV, these results are three times less sensitive than the KMR ones. In the results for LHC, one can estimate an upper limit for the momentum cut, such that the contributions to the event rate can be neglected from this cut value: the result for k 2 0 = 30 GeV 2 is almost zero in all range. This sensitivity can be explained by the form of the differential cross section obtained from this approach if compared with the result of the Durham group, where there is a higher sensitivity. Despite of an additional distribution function, in the photoproduction approach the event rate has a dependence on k −6 and a function depending on Q 2 and k 2 . To observe the dependence of the event rate on the center-of-mass energy, the results are obtained in function of the E CM for distinct Higgs masses and observing the behavior with the distribution functions. This process is analysed for three values of the Higgs boson mass, as shown in Fig. 8 . As can be seen, the growth of the event rate with E CM = √ s has a parabolic shape up to E CM = 2.0 TeV (Tevatron region) and a linear behavior for higher energies. As explained in this Section, this parabolic shape occurs due to the values of x probed in this energy region, showing approximately the same result for any chosen value of the Higgs boson mass. In the upper graphs in Fig. 8 , one observes the event rate in a lower range of energy. As the Higgs mass varies, the results show a non-uniform behavior if compared to the one observed in the high-energy region: the contribution from M H = 120 GeV is smaller than the other ones, and grows as the energy increases, assuming a leading contribution in the very-high-energy limit. The dependence of the x-variable on the center-of-mass energy is the reason to the presence of this transition region. Morevoer, the Sudakov form factors determine the lower contribution to the production of a heavier Higgs boson. The same behavior occurs in the results using distinct parametrizations, as shown in the upper-right graph in Fig. 8 . A similar contribution arises among the curves in the left-upper and right-upper graphs, although very distinct absolute values of the event rate. An important aspect observed in the lower-right graph is the same difference shown between MRST LO and NLO distribution functions, as seen in all energy range. The CTEQ6 parametrization has a transition behavior: this is similar to MRST2001 up to E CM = 8.0 TeV, and then grows to achieve MRST2004 at very-high energy.
V. DISCUSSION
The contribution to the Higgs production for distinct virtualities shows a dependence upon the photon energy. Observing the comparison with the results of [15] , the photoproduction results have a higher contribution in the intermediary range as well as in the extended one. However, when the full analysis in Peripheral Collisions is taken into account, including the photon distribution in the proton, this difference between the approaches is expected to be modified, in order to the photoproduction results achieve the same shape of those of the Durham group, although with a higher contribution in the intermediary range. Otherwise, the study of this process in nucleus-nucleus collisions will show its dependence on the photon energy and on the photon number, features that should be drastically modified if compared to the pp case. As one can see, the results obtained taking the photon virtuality on the order of Q 2
10
−2 GeV 2 gives an event rate going to infinity, such that the real-photon limit is reached. Thus, even considering an overestimated prediction to the Higgs production at small virtualities, the results at Q 2 = 1.0 GeV 2 reach values of a few femtobarns, which agree with other predictions for diffractive Higgs production at LHC [18, 23, 32] . Waiting the data coming from CMS and ATLAS experiments at LHC, these results will be confronted to the data in order to determine the best options for Higgs photoproduction in Peripheral Collisions. One of the main aspects to be observed is to get suitable data to specify the restrictions to the virtuality range.
VI. CONCLUSIONS
A new way to produce the Higgs boson was studied in Peripheral Collisions, calculating perturbatively the event rate for diffractive production through DPE. Previously, some studies had been done exploring the photoproduction process, however none of them adopting the DPE as the interaction between the colliding particles. The numerical results obtained from the photoproduction approach predicts a reasonable event rate for Higgs production at LHC if compared to previous estimates for the Higgs production. The event rate was obtained for the γp interaction with a dependence on k −6 , unlike to the result carried out in [15] . To effectively compare the results presented in this work with those of the Durham group, a distribution function for the photons in the proton should be introduced, and then the results to the peripheral pp collisions will be computed. Therefore, the results show the possibility to produce the Higgs boson through Peripheral Collisions at LHC with an event rate expected to be big enough to detect this boson. 
